Low-energy electron-diffraction fine-structure data can often have relatively large inconsistencies associated with the electron-beam incidence conditions. This is in part due to the diSculties associated with working with electrons in the range 0 -40 eV and in part due to the crystal being oriented azimuthally before being put in the vacuum system. The angle of incidence is often measured optically, but the optical and electron paths need not coincide if residual magnetic fields are present. We describe a technique for determining the angles of incidence and azimuth from the data themselves. This relies upon two factors: the ability to vary the azimuth angle continuously and the ability to see two sets of fine-structure features on one I-V scan. This technique is applied to finestructure data obtained from clean Cu(001) and 0/Cu(001) surfaces. We hope that the technique described will help give confidence to those collecting such data that these angles can be uniquely determined and that the data can be usefully analyzed. The uncertainty of not having a technique for this purpose has prevented groups from publishing such data in the past.
INTRODUCTION
The fine-structure features that appear on low-energy electron-difFraction (LEED) I Vprofile-s at low energies (typically &40 eV) have been shown to be valuable in testing models of the surface potential barrier. ' These features are due to the interference between the beam under observation (usually the specular beam) and a preemergent beam that is internally reflected by the potential barrier. The success with which this modeling can be applied depends on a number of factors that relate to the precision with which the experimental data can be collected. Amongst the parameters that must be known consistently are the angles of incidence and azimuth.
Techniques for determining these angles when using a fluorescent screen in conventional LEED apparatus have been presented previously.
These techniques, however, cannot be used with high-resolution spectrometers as the diffracted beams are not visible. One problem with working with very low-energy electrons is that the path of the beam may not be equivalent to the "straight-line" path due to slight deflections by residual magnetic fields. Difficulties also arise in using surfaces that cannot be cleaned by flash heating. It is then usually necessary to move the crystal to a position where it can be cleaned by ion bombardment and then repositioned back in front of the spectrometer.
Measured fine-structure emergence energies always differ from the theoretical predictions by around 1 -2 eV. This is due to the contact-potential difference (CPD) between the electron-gun filament and the crystal surface, a quantity that is difficult to measure directly. We present a technique for determining the absolute incidence and azimuth angles and CPD from measurements of finestructure profiles over a range of azimuth angles.
I. EXPERIMENT
The ultrahigh vacuum (UHV) system and crystal preparation have been described previously.
The apparatus used for the collection of fine-structure data has also been previously described. The CPD was used to translate other spectra and the angles of incidence deduced from the emergence energies. Figure 3 shows the fine structure due to thee 11 beam h (11) It is interesting to note the change in fine-structure profile when oxygen is adsorbed onto the Cu(001) surface. ly been clear exactly what was causing this feature to change. However, by varying the azimuth angle we were able to see that this profile was, in fact, the superposition of three fine-structure features. These were the original 1 1 feature plus the 01 and 10 features, which were not visible for the clean surface. It can be seen from Fig. 1 that the emergence energies of these three beams are grouped closely together near the (11) azimuth. Figure   5 shows how the feature split into its separate components as the azimuth angle moved away from the ( 11) direction. The fine structure due to the 01, 10 beam emergences was very weak on the high-energy side of the "crossover point" at (t =45'.
In a manner analogous to the method used for the clean surface we were able to calibrate the azimuth and then determine the incidence angle and the CPD. We did this as these spectra were taken several months after the ones obtained for the clean surface and system conditions could have changed. The introduction of oxygen also affected the CPD. The values obtained were 0=69' and CPD = 1. 1 eV. Figure 6 shows a plot of theoretical emergence energies for 8=69' (solid curve) and estimated experimental ones (crosses, translated by the CPD).
Again, we were able to use this CPD to translate other spectra taken under the same conditions and hence determine their angle of incidence. Figure 7 shows the finestructure profile (due to three beams) for diff'erent angles of incidence near the (11)azimuth. (1) being able to continuously vary azimuth angle;
(2) being able to observe two sets of fine-structure features, on the one scan, over a range of azimuth angles. This technique provided a precision of around 0. 5' in azimuth angle, +1. 5' in incidence angle and +0.05 eV in the CPD. This precision rejected the angular divergence of the electron beam as this largely determined the total resolution of the system and so set the precision with which the azimuthal angle and all other derived quantities could be measured. It was reassuring that the precision of the angles was of the same order as the divergence of the electron beam.
The method was a self-consistent one that did not rely on geometric, line-of-sight alignment. It may not be a technique applicable in all cases, but it is hoped it will provide data for which there can be some confidence in the quoted angles. This analysis, and that done previously, ' gives a very complete picture of the experiment, fixing not only the angles of incidence and azimuth and the CPD but a1so the divergence of the electron beam and the energy resolution of the spectrometer. We hope that data of this quality can be used to help tie down, beyond doubt, the surface potential barrier for Cu(001).
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